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(54) TIRE SENSOR-BASED VEHICLE STATE ESTIMATION SYSTEM AND METHOD

(57) A vehicle state estimation system and method
is disclosed. The system comprises a vehicle supported
by at least one tire, the tire being preferably mounted to
an axle, the vehicle operating in transient maneuver
states or non-transient maneuver states throughout op-
erational maneuvers of the vehicle; at least one
tire-based sensor mounted to the at least one tire and
operative to generate tire-based sensor data;_and at
least one vehicle-based sensor mounted to the vehicle
and operative to generate vehicle-based sensor data.
Furthermore, the system may comprise, in one aspect,
an observer model operative to make cornering stiffness
estimates from the tire-based sensor data and the vehi-
cle-based sensor data throughout the operational
maneuvers of the vehicle; and a cornering stiffness iden-
tifier operative to extract and output transient-state cor-
nering stiffness estimates from the observer model cor-
nering stiffness estimates throughout the operational
maneuvers of the vehicle.
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Description

Field of the Invention

[0001] The invention relates generally to a system and
a method for indirectly estimating a vehicle’s state con-
ditions such as vehicle sideslip angle, inertial parameters
and tire cornering stiffness.

Background of the Invention

[0002] A vehicle’s state conditions such as inertial pa-
rameters may vary from different driving conditions such
as the number of passengers and the seating arrange-
ment. Variation in the vehicle’s inertial parameters may
consequently affect the accuracy of vehicle state estima-
tor models that are employed in vehicle control and sta-
bility systems. It is, accordingly, desirable to be able to
compensate in real time for variation in a vehicle’s inertial
parameters in vehicle state estimators. Real time knowl-
edge of such inertial variations is useful in many active
vehicle safety applications, including yaw stability control
and rollover prevention.

Summary of the Invention

[0003] The invention relates to a system in accordance
with claim 1 and to a method in accordance with claim
11. Dependent claims refer to preferred embodiments of
the invention.
[0004] According to one aspect of the invention a ve-
hicle state estimation system and method for a tire sup-
ported vehicle provides an analysis of transient maneu-
ver states and non-transient maneuver states throughout
operational maneuvers of the vehicle. The system in-
cludes one or more tire-based sensors mounted to axle-
mounted vehicle tire(s) generating tire-based sensor da-
ta and one or more vehicle-based sensors mounted to
the vehicle generating vehicle-based sensor data. An ob-
server model is configured to make cornering stiffness
estimates from the tire-based sensor data and the vehi-
cle-based sensor data throughout the operational
maneuvers of the vehicle. A cornering stiffness identifier
is provided in the system to identify and extract only the
transient-state cornering stiffness estimates from the cor-
nering stiffness estimates made by the observer model
throughout the operational maneuvers of the vehicle.
[0005] In another aspect of the invention, the cornering
stiffness identifier may operate to extract from the iden-
tified and extracted transient-state cornering stiffness es-
timates an optimal transient-state cornering stiffness es-
timate having a substantially highest confidence meas-
ure for use by a vehicle control system.
[0006] Pursuant to a preferred aspect of the invention,
the tire-based sensor data includes a pressure measure-
ment of tire inflation pressure and a temperature meas-
urement of tire temperature and the vehicle-based sen-
sor data includes vehicle lateral acceleration rate, yaw

rate, and steering wheel angle.
[0007] The system and method, in another aspect, may
use a tire load estimator for estimating a vertical force on
the vehicle tires from the tire-based sensor data and an
inertial parameter generator to generate a real-time up-
date of vehicle inertial parameters from the vertical force
estimation throughout vehicle maneuvers. The system
further preferably utilizes an axle force estimator to esti-
mate from the vehicle inertial parameters and the vehicle-
based sensor data an axle lateral force estimation for
use by the observer model.

Definitions

[0008] "ANN" or "Artificial Neural Network" is an adap-
tive tool for non-linear statistical data modeling that
changes its structure based on external or internal infor-
mation that flows through a network during a learning
phase. ANN neural networks are non-linear statistical da-
ta modeling tools used to model complex relationships
between inputs and outputs or to find patterns in data.
[0009] "Axial" and "axially" means lines or directions
that are parallel to the axis of rotation of the tire.
[0010] "CAN bus" or "controller area network" is a ve-
hicle bus standard designed to allow microcontrollers and
devices to communicate with each other within a vehicle
without a host computer. CAN bus is a message-based
protocol, designed specifically for automotive applica-
tions.
[0011] "Circumferential" means lines or directions ex-
tending along the perimeter of the surface of the annular
tread perpendicular to the axial direction.
[0012] "Footprint" means the contact patch or area of
contact created by the tire tread with a flat surface as the
tire rotates or rolls.
[0013] "Kalman Filter" is a set of mathematical equa-
tions that implement a predictor-corrector type estimator
that is optimal in the sense that it minimizes the estimated
error covariance-when some presumed conditions are
met.
[0014] "Lateral" means an axial direction.
[0015] "Luenberger Observer" is a state observer or
estimation model. A "state observer" is a system that pro-
vide an estimate of the internal state of a given real sys-
tem, from measurements of the input and output of the
real system. It is typically computer-implemented, and
provides the basis of many practical applications.
[0016] "Radial" and "radially" means directions radially
toward or away from the axis of rotation of the tire.
[0017] "Slip Angle" is the angle between a vehicle’s
direction of ravel and the direction in which the front
wheels are pointing. Slip angle is a measurement of the
deviation between the plane of tire rotation and the di-
rection of travel of a tire.
[0018] "Vibration Spectral Analysis" is a methodology
for analyzing a machine vibration spectrum using veloc-
ity, displacement, acceleration versus frequency.
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Brief Description of the Drawings

[0019] The invention will be described by way of ex-
ample and with reference to the accompanying drawings
in which:

FIGS. 1 is a perspective view of a representative
vehicle tire showing pressure distribution within a
contact patch.
FIG. 2 is a schematic representation of the electronic
steering control module and its use in controlling
braking and a schematic representation of a Refer-
ence Vehicle Model and how such a model sets tar-
gets for the controller.
FIG. 3 is a graph showing the importance of sideslip
angle to vehicle stability, graphing sideslip angle
(deg) over time and showing graphically ESC Acti-
vation.
FIG. 4 is a schematic of a Cornering Stiffness Esti-
mation that uses a Model Based Approach.
FIG. 5A is a Sideslip Estimation schematic that uses
a Kinematics Based Approach.
FIG. 5B is a schematic vehicle representation iden-
tifying parameters used in the Kinematics Based Ap-
proach.
FIG. 5C is a graph showing vehicle side-slip angle
over time for the Kinematics Based Approach, graph-
ing actual, estimated without gravity compensation,
and estimated with gravity compensation.
FIG. 6 is a Sideslip Estimation system and experi-
mental result graphs and table using a sideslip esti-
mation approach and demonstrating limitations in-
herent therein.
FIG. 7 is a system schematic of the subject State
Estimate System and Method.
FIG. 8 is a flow chart showing the use of Tire Load
Information to directly estimate all inertia parameters
necessary for a two-wheel lateral vehicle dynamics
model.
FIG. 9A is a flow chart showing derivation of the State
Parameters applying the discrete-time Unscented
Kalman Filter (UKF) for state estimation.
FIG. 9B is diagram of the Nonlinear Observer Archi-
tecture employed in the subject invention for a two-
wheel lateral vehicle dynamics model; and a flow
chart of the UKF algorithm.
FIG. 9C are representations of the State Equations
and Measurement Equations employed.
FIGS. 10A through 10D are Estimation Performance
graphs (Maneuver: Sine Sweep 0.25-4Hz) for esti-
mated vs. actual Sideslip, Yaw Rate, Front Cornering
Stiffness and Rear Cornering Stiffness, respectively.
FIGS. 11A through 11D are Estimation Performance
graphs (Maneuver: Sine with Dwell 0.4Hz, 0.5 sec.
Dwell) for estimated vs. actual Sideslip, Yaw Rate,
Front Cornering Stiffness and Rear Cornering Stiff-
ness, respectively.
FIGS. 12A through 12D are Estimation Performance

graphs (Maneuver: Slalom) for estimated vs. actual
Sideslip, Yaw Rate, Front Cornering Stiffness and
Rear Cornering Stiffness, respectively.
FIGS. 13A through 13D are Estimation Performance
graphs (Maneuver: Double Lane Change) for esti-
mated vs. actual Sideslip, Yaw Rate, Front Cornering
Stiffness and Rear Cornering Stiffness, respectively.
FIGS. 14A through 14D are Estimation Performance
graphs (Maneuver: Ramp Steer) for estimated vs.
actual Sideslip, Yaw Rate, Front Cornering Stiffness
and Rear Cornering Stiffness, respectively.
FIGS. 15A through 15D are Estimation Performance
graphs (Maneuver: Steady-state Circular Test) for
estimated vs. actual Sideslip, Yaw Rate, Front Cor-
nering Stiffness and Rear Cornering Stiffness, re-
spectively.
FIG. 16A is a flow chart showing a Transient State
Estimator scheme.
FIG. 16B are graphs showing Transient State Esti-
mation for Steer Wheel Angle, Yaw Rate and Lateral
Acceleration.
FIG. 16C are graphs showing Vehicle Transient
State Identifier derived from the Vehicle Transient
State Estimation of FIG. 16B.
FIG. 17A is a graph of Lateral Force vs. Slip Angle
for New Front and Rear Tires.
FIG. 17B are graphs of Estimation Performance for
front and rear axles, plotting occurrences against
cornering stiffness for actual and error band.
FIG. 18A is a graph of lateral force against slip angle
for deteriorated front tire and new rear tire conditions.
FIG. 18B is a graph of estimation performances for
front and rear axles for the condition of FIG. 18A.
FIG. 19A is a graph for the condition Front Tires New
and Rear Tires Deteriorated, plotting lateral force
against slip angle.
FIG. 19B are graphs of Estimation Performance for
the Front and Rear Axles, plotting occurrences
against cornering stiffness.
FIG. 20A is a graph for the condition Front Tires De-
teriorated and Rear Tires Deteriorated, plotting lat-
eral force against slip angle.
FIG. 20B are graphs of Estimation Performance us-
ing the condition of FIG. 20A for the Front and Rear
Axles, plotting occurrences against cornering stiff-
ness.
FIG. 21 is a Data Flow Diagram for the subject sys-
tem and method.

Detailed Description of Example Embodiments of the In-
vention

[0020] Referring first to FIG. 1, a representative vehicle
tire 10 is shown having a tread 12 and sidewalls 14. The
tire forms a contact patch 16 as it rolls over a road or
ground surface creating a pressure distribution 18 over
the patch area. Forces in X, Y and Z planes are created,
Fz representing vertical force on the tire 10. Different driv-
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ing conditions, such as the number of passengers and
seating arrangement cause the vehicle inertial parame-
ters to vary and consequently affect the accuracy of any
vehicle state estimator (VSE). The objective and problem
solved by the subject vehicle state estimation system and
method is the improvement of the performance of a ve-
hicle state estimator, specifically estimates of the vehicle
body sideslip angle and tire cornering stiffness. The sys-
tem and method measures vertical force Fz using "intel-
ligent" tires. By "intelligent", it is meant tires that are
equipped with one or more sensors from which vertical
force Fz may be derived. Knowledge of Fz enables esti-
mation of mass (m), longitudinal center of gravity position
(a, b), yaw moment of inertia (Iz); namely all the inertial
parameters needed for applied use in a conventional two
wheel vehicle model.
[0021] Cornering stiffness and vehicle sideslip angle
are important because of their use in vehicle electronic
system control modules (ESC) in vehicle control systems
such as differential wheel braking. FIG. 2 shows sche-
matically a vehicle 20 equipped with multiple tires 10.
Driver steering input 22 is detected from driving steering
actions and input into an ESC module 24. A reference
vehicle model 26 sets targets for the controller. The ref-
erence vehicle model 26 generates a desired yaw rate
30 that is compared against actual yaw rate 28 provided
by a feedback vehicle response loop 21 to determine
error 32. From the error 32 computation, corrective con-
trol action 34 is instituted, resulting in control of differential
wheel braking 36.
[0022] FIG. 2 shows in detail the reference vehicle
model 26 that sets targets for the vehicle controller. The
two-wheel vehicle model 38 identifies vehicle inertial pa-
rameters including yaw rate γ. Formulas for desired yaw
rate 30, characteristic speed and understeer gradient are
set forth in FIG. 2. The desired yaw rate depends on the
vehicle understeer characteristic, which depends mainly
on the cornering stiffness of the tires. Cornering stiffness
of the tires changes with the tire type, make, state (new
or worn, pressure, temperature, loading state). Determin-
ing cornering stiffness accordingly is important but prob-
lematic given the tire variables affecting cornering stiff-
ness.
[0023] Sideslip angle is likewise important as will be
appreciated from the graph 40 of FIG. 3, plotting sideslip
(deg) and ESC activation over time. As seen, high side-
slip angle is a clear indicator of an imminent critical situ-
ation, i.e. ESC activation. Real-time knowledge of the
sideslip angle of a vehicle is useful in many active vehicle
safety applications, including yaw stability control and
rollover prevention. Measurement of sideslip angle, how-
ever, requires a complex and expensive sensor system
and is generally cost prohibitive for many applications.
[0024] Tire cornering stiffness (Cγ) is an important dy-
namic parameter because it plays an important factor in
designing an ESC system, estimation of vehicle states
and determination of lateral force saturation. In the de-
termination of control law to enhance the handling of road

vehicles, most of the ESC systems use constant corning
stiffness as input to the system. However, in real working
situations, cornering stiffness varies due to change in
tire-road friction and tire wear. Therefore, it is important
to obtain these dynamic parameters for robust working
of ESC systems.
[0025] Tracking of sideslip angle (β) is also required
along with tracking of yaw rate for satisfactory lateral dy-
namics response. Sideslip control along with yaw rate
control is required for satisfactory steering and stability
of a vehicle. However, measurement of sideslip angle is
not possible due to a lack of a vehicle sideslip angle sen-
sor that is both accurate and economical enough to be
implemented. Several strategies may be used to esti-
mate sideslip angle based on state observers. The pro-
cedures rely on tire models and evaluation of its param-
eters. These approaches can lead to good estimation but
only if the tire parameters are correctly identified. Correct
identification of tire parameters, however, can prove
problematic if changes occur in tires’ cornering stiffness
due to different friction conditions or to the tire wear. Such
changes may significantly affect the estimation and result
in error.
[0026] The model based observer method has higher
accuracy in the linear tire region and it is robust against
sensor bias. The estimation depends on vehicle param-
eters like vehicle mass, inertia and tire parameters such
as cornering stiffness. It is difficult to identify these pa-
rameters in real-time, making a model-based estimation
algorithm unreliable over all driving situations.
[0027] A direct sensor integration is a kinematic based
approach in contrast to a model-based approach. A dif-
ferential relation between the sideslip angle and vehicle’s
measurable dynamic parameters is obtained using the
kinematic approach. Since the relation is differential, its
application leads to a progressive drift during the inte-
gration process.
[0028] A system and method for cornering stiffness es-
timation using a model-based approach is shown gener-
ally in FIG. 4. A vehicle 20 is sensor-equipped to generate
vehicle-based sensor data via CAN-bus signals ay, r to
an axle force estimator (SMC observer) 42 and signals
Vx, δf, r to a tire sideslip angle (Kinematics based) model
46. Vehicle sideslip angle β (measurement) is likewise
an input into the tire sideslip angle estimator 46. The es-
timator 46 through use of the algorithmic relationship
shown generates αf, αr as inputs into the axle cornering
stiffness estimator 50 (recursive least squares with for-
getting factor). The axle force estimator 42 generates
through the algorithmic expressions indicated Fyf and Fyr
for input into the axle cornering stiffness estimator 50.
The forgetting factor of the RLS algorithm is set to λ =
0.9999. The polynomial approximation for the tire force
curve is as indicated in FIG. 4. The axle cornering stiff-
ness estimator yields axle cornering stiffness estimations
52 Cyf and Cyr which will prove useful as described below.
[0029] A system and method for sideslip estimation us-
ing a kinematics-based approach is shown generally in
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FIGS. 5A and 5B. Vehicle sideslip angle is estimated
using a simple integration method and the kinematical
formula used is represented in FIG. 5A. Road bank angle
and roll angle of the vehicle are used to determine meas-
ured ay. A vehicle schematic 54 and methodology deri-
vation is shown in FIG. 5B. A lateral accelerometer meas-
urement consists of three components, namely the lateral
motion term, the linear motion term and the gravity term
according to the algorithm indicated. This method is ro-
bust against variations in vehicle inertial parameters and
tire-road conditions. The limitations of using a kinemat-
ics-based approach, however, is that such an approach
is very sensitive to the sensor bias errors from lateral
acceleration, yaw rate and road bank angle. The estimat-
ed slip angle will drift over time no matter how small the
sensor bias error is.
[0030] FIG. 5C shows a vehicle side-slip angle graph
56 over time, comparing actual (car sim), estimated with-
out gravity compensation, and estimated with gravity
compensation. In FIG. 6, limitations with using the above-
described sideslip estimation methodology using a mod-
el-based approach is further highlighted for scenario 1
(sideslip underestimated) and scenario 2 (sideslip over-
estimated). Graphs 58, 60 are shown comparing actual
to estimate for Ay and yaw rate respectively. A strong
relation exists between sideslip angle and tire cornering
stiffness. For example, as an extreme case, a corner can
be covered at constant speed with the same values of
lateral acceleration and yaw rate but with different values
of β, depending only on the tire cornering stiffness. In
Scenario 1, sideslip is underestimated and cornering stiff-
ness overestimated, resulting in axle forces that are still
estimated correctly (i.e. track lateral acceleration and
yaw feedback). In Scenario 2, the sideslip is overestimat-
ed and cornering stiffness underestimated, again result-
ing in axle forces that are still estimated correctly. The
table at the bottom of FIG. 6 shows and compares actual
vs. estimate (N/deg). From the FIG. 6 analysis, it can be
concluded that a critical aspect of the sideslip state ob-
server as described above is related to the tuning of the
cornering stiffness of the tires which are unknown quan-
tities.
[0031] The subject invention system and method is de-
picted schematically in FIG. 7, using the following No-
menclature.

δ: steering wheel angle
ay lateral acceleration
r: yaw rate
a: CoG to front axle distance
b: CoG to rear axle distance
Iz: yaw moment of inertia
Fyf: front axle lateral force
Fyr: rear axle lateral force

[0032] An " intelligent" tire 10 is defined herein as a tire
equipped with one or more sensors for determining a
vertical force Fz (load) 64 on the tire. The sensor and tire

assembly may, for example, utilize the approach taught
by US-B- 8,661,885, US-B-8,844,346, US-A-
2014/0114558, and US-A-2014/0260585. Other known
sensor-based technologies mounted to a tire for the pur-
pose of determining tire loading may be employed with-
out departing from the invention.
[0033] The intelligent tire determines load Fz (vertical
force) on the tire. Fz is applied in real-time to update the
vehicle inertial parameters 66 of mass (m), longitudinal
center of gravity position (a, b) and yaw moment of inertia
(Iz). The updated real-time vehicle inertial parameters
are applied to a vehicle state estimator (VSE) 72 and to
a front and rear axle lateral force estimator 68. The esti-
mator 68 is configured as an observer based on a single
track vehicle model 68. Additional inputs to the estimator
68 are vehicle sensor-derived CAN Bus parameters (44)
of δ, ay, r. The estimator 68 generates feedback signals
(70) Fyf and Fyr to the vehicle state estimator (VSE) 72
which produces the real-time updated state estimates 74.
[0034] It will be appreciated that tire load information
is used to directly estimate the following vehicle states:

Vehicle mass (m) - summation of the tire static loads;
CG longitudinal position (a, b) - longitudinal center
of gravity (CoG) position can be obtained by meas-
uring the load on the front tires and rear tires;
Yaw moment of inertia (Izz) - using regression equa-
tions that approximate moments of moments of in-
ertial.

[0035] FIG. 8 shows that all the inertia parameters
needed for the two-wheel lateral vehicle dynamics model
76 depicted may be derived pursuant to the subject in-
vention from tire load information. The equations shown
in FIG. 8 are used in obtaining the yaw moment of inertia
of the vehicle as well as the CoG determination of a, b.
FIG. 9A shows the identification expression 78 of states
(x), listed at 80. The states (x) 80 include sideslip (β);
yaw rate (γ); cornering stiffness front (Cαf); and cornering
stiffness rear (Cαr).
[0036] To build a model based UKF, the nonlinear bi-
cycle model equations and linear tire model equations
have been converted to discrete form by first-order Euler
method as indicated by expressions for xk (80) and yk
(84) shown in FIG. 9A. The state vector xk, at each time
instant k, comprises sideslip angle, yaw rate, front tire
cornering stiffness, and rear tire cornering stiffness. The
measurement vector yk, comprises yaw rate, and front
and rear wheels lateral forces.
[0037] The Nonlinear Observer Architecture 82 for a
two-wheel lateral vehicle dynamics model 86 is shown
in FIG. 9B. An intelligent tire 10 has mounted thereto a
tire pressure monitoring device 88 of a type commercially
available. The device 88 is suitably mounted to the tire
10 such as to the tire inner liner defining the tire cavity.
From techniques taught by US-A-2014/0114558 and US-
2014/0260585, inertia parameters may be ascertained
via measurement of the vertical force (load) on the tire.
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The vehicle model inertial parameters are applied to the
model 86. The algorithms represented at 85 apply the
discrete-time unscented Kalman filter (UKF) for state es-
timation. The underlying discrete-time non-linear state-
space model is based on the two-wheel lateral vehicle
dynamics model 86 implementing the yaw rate and side-
slip equations 85 shown.
[0038] The UKF algorithm will be further understood
by reference to the flowchart 90 shown in FIG. 9B. A
representative two-wheel lateral vehicle dynamics model
86 is superimposed above the flowchart 90 with vehicle
state equations 85 beneath. The tire pressure monitoring
device 88 is of a type commercially available and mount-
ed to the tire in a suitable location such as adhered to
the tire innerliner. The device 88 includes a pressure sen-
sor operative to monitor tire cavity air pressure and trans-
mit pressure data from the tire to a remote device such
as a computer (not shown) for electronic analysis and
data processing. The device 88 may further include a tire
identification or ID tag (not shown) of a commonly used
and available commercial type that can mount to the tire
and transmit a unique tire-identifying electronic code to
a remote device for tire identification. From such identi-
fication the construction type and characteristics of the
particular tire may be ascertained from stored information
within the device.
[0039] The flowchart 90 begins with an initial covari-
ance and state vector 92 from which sigma points 94 are
generated. The sigma points 94 and a calculation of
weights 96 are processed through a time update. Sigma
points propagation 98 is conducted and mean and cov-
ariance of the transformed sigma points calculated. A
state, measurement and covariance prediction 100 is
made by transforming the sigma points according to a
process and measurement model. From the prediction,
updating 102 is conducted of state and covariance and
the time instance is adjusted shown at 104.
[0040] The goal of the preceding methodology and sys-
tem is to analyze the accuracy of the nonlinear filter de-
signed to estimate the sideslip angle and tire cornering
stiffness. The algorithm applies the discrete-unscented
Kalman Filter (UKF) shown in FIG. 9B for state estima-
tion. The underlying discrete-time non-linear state-space
model shown is based on the two-wheel lateral vehicle
dynamics model 86.
[0041] To build a model-based UKF, the nonlinear bi-
cycle mode equations and the linear tire model equations
are converted to discrete form by first-order Euler method
as follows: 

[0042] FIG. 9C shows at 106 state equations (xk) and

at 108 measurement equations (yk). The state vector xk,
at each time instant k, is comprised of sideslip angle, yaw
rate, front tire cornering stiffness and rear tire cornering
stiffness. The measurement vector yk is comprised of
yaw rate, front and rear wheels lateral forces. It should
be noted that for satisfactory working of the UKF, it is
important to tune the process noise covariance matrix Q
and measurement noise covariance matrix R. The yaw
rate and sideslip angle are modeled using system dy-
namic equations, therefore low uncertainty is assigned
to them. However, the cornering stiffnesses are not mod-
eled at all, hence, they are given high uncertainties.
[0043] Tests were conducted using a summer tire,
Goodyear Eagle F1 Asymmetric (255/45ZR19 for Front
and 285/40ZR19 for the back) mounted on a Porsche
Panamera automobile. Front and rear axle tire data was
used for lateral force and slip angle comparison with es-
timated results. Estimation performance is reflected in
the graphs 110, 112, 114 and 116 of FIGS. 10A through
10D. The maneuver used to evaluate estimation perform-
ance was a sine sweep at 0.25-4 Hz. In graph 110 of
FIG.10A, estimated vs. actual plots of sideslip degrees
over time is shown. In graph 112 of FIG. 10B, yaw rate
plots of estimated vs. actual are shown in deg./sec. over
time. In FIG. 10C, front cornering stiffness estimated vs.
actual 114 is shown in N/deg. over time. FIG. 10D graph
116 shows rear cornering stiffness of estimated vs. ac-
tual. A good convergence between estimated and actual
is demonstrated.
[0044] In FIGS. 11A through 11D, the same tests were
run for a sine with dwell maneuver, using 0.4 Hz and 0.5
sec. dwell. Again good convergence between estimated
and actual was seen in graphs 118, 120, 122 and 124.
In FIGS. 12A through 12D, graphs 126, 128, 130 and
132 indicate similar good convergence in a rerun of the
test using a slalom maneuver. Likewise, good conver-
gence in an additional test using a double lane change
is reflected in the performance graphs 134, 136, 138, and
140 of FIGS. 13A through 13D. Graphs 142, 144, 146
and 148 reflected in FIGS. 14A through 14D for a ramp
steer maneuver test; and graphs 150, 152, 154 and 156
reflected in FIGS. 15A through 15D for a steady-state
circular test demonstrate less convergence between es-
timated and actual results.
[0045] The reason for less convergence in the steady-
state circular test is that estimation accuracy of the algo-
rithm is limited to transient maneuvers. It does not give
the same results in non-transient maneuvers. A scheme
is shown in FIG. 16A for use in determining a transient-
state index, i.e. to determine the time instants when the
vehicle is undergoing a transient maneuver as opposed
to non-transient maneuvers. The root mean square
(r.m.s.) of steer angle, lateral acceleration and yaw rate
constitute inputs to a fuzzy logic network 162 that outputs
a transient-state index 164 (α). FIG. 16B illustrates the
use of the state index by comparing steering wheel angle
(SWA), yaw rate and lateral acceleration 166 graphs with
r.m.s. adjusted values for steering wheel angle, yaw rate
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and lateral acceleration.
[0046] In FIG. 16C, use of the vehicle transient state
identifier is shown by the graphs 168 of steering wheel
angle over time and sideslip over time. The vehicle tran-
sient state index of 1: steady state, and 0: transient state
is shown graphically. The graph of the transient index
over time shows the value of the transient-state index
computed according to the logic described above.
[0047] The graph 170 of lateral force vs. slip angle in
FIG. 17A is for front and rear axles. New tires were used
in a test that extracts cornering stiffness estimates during
the transient state of the vehicle and statistically extracts
the cornering stiffness estimate with the highest confi-
dence measure. Peak grip and cornering stiffness for the
front and rear tires is given in FIG. 17A.
[0048] In FIG. 17B, estimation performance 172 is
shown graphically for front and rear axles. Occurrences
vs. cornering stiffness is graphed for both axles for actual
cornering stiffness and for a +/- 100 N/deg error range.
Maximum likelihood estimates were found to be within
the error band. In FIG. 18A the lateral force vs. slip angle
graphs 174 for front and rear axles is shown for a front
tire-deteriorated condition and rear tire new condition.
the peak grip values shown. Estimation performance
shown in FIG. 18B at 176 and the graphs for the test
again confirm that maximum likelihood estimates are
within the error band.
[0049] With rear tires in a deteriorated condition and
front tires new, tests were again run. FIG. 19A graphs
178 show estimation performance test results. The peak
grip and cornering stiffness of front and rear tires is as
indicated by graph 178. The graph 178 shows lateral
force to slip angle results for both front and rear axles.
In FIG. 19B, actual cornering stiffness of front and rear
axles is shown by graphs 180 to lie with an error range
indicated. Occurrences to cornering stiffness results
show a maximum likelihood estimates are within the error
band.
[0050] Finally, the test results for both front and rear
tires in a deteriorated condition are shown by graphs 182,
184 of FIGS. 20A and 20B. The peak grip and cornering
stiffness of the worn tires are indicated in FIG. 20A, and
the estimation performance of actual cornering stiffness
and error range in FIG. 20B. The FIG. 20B graph show
maximum likelihood estimates are within the error band
for the worn front and rear tire condition.
[0051] FIG. 21 represents a dataflow diagram 186 of
the subject system and method that will now be dis-
cussed. Nomenclature is as follows:

δ: steering wheel angle
ay lateral acceleration
r: yaw rate
a: CoG to front axle distance
b: CoG to rear axle distance

Iz: yaw moment of inertia
Fyf: front axle lateral force

Fyr: rear axle lateral force
Cyf: front axle cornering stiffness
Cyr: rear axle cornering stiffness
β sideslip angle
TS: transient state index

[0052] Signal(s) from sensor(s) attached to the vehicle
20 are available from the CAN Bus 44 and provide ay, r
to an axle lateral force estimator 190, and measured pa-
rameters δ, ay, r to vehicle transient state identifier 192.
The vehicle transient state identifier 192, as discussed
above in reference to FIGS. 16A through C, produce a
signal "0" indicative of the vehicle undergoing a transient
state maneuver and a "1" indicating that the vehicle
maneuver is non-transient. The subject methodology us-
es the "1" and "0" to identify and separate transient state
(accurate) from non-transient (inaccurate) cornering stiff-
ness estimations.
[0053] The tires 10 (See FIGS. 1, 7) supporting the
vehicle 20 are "intelligent" tires, equipped with a tire-
mounted sensor module (TPMS) that provides tire tem-
perature, pressure sensors to measure temperature and
pressure within the tire 10, and tire identification (Tire ID)
with which to identify the particular tire-specific construc-
tion of tire 10. The pressure and temperature measure-
ments and tire ID are transmitted wirelessly from the mod-
ule to a data processor conducting the cornering stiffness
194 evaluation and the tire load estimator 188. The ve-
hicle-based sensors and intelligent tire-based pressure,
temperature sensors and tire ID storage module are of
a type commercially available. The vehicle-based sen-
sors are mounted to the vehicle in conventional manner
and the tire-based sensor module may be attached to
the tire inner liner by appropriate known methods such
as by adhesion. The tire-based sensors include trans-
mitter capability for transmitting the measured tire pa-
rameters to a device such as a computer for data
processing in accordance with the description provided
herein.
[0054] The vehicle transient state identifier generator
at 192 output is either a "1" or a "0" and is provided to
the cornering stiffness identifier (maximum likelihood es-
timate) 194 along with the intelligent tire sensor outputs
of temperature, pressure measurements and tire ID. The
cornering stiffness identifier 194 has stored in a memory
195 accessible date from which to determine cornering
stiffness Cyf and Cyr for front and rear axles based on the
tire temperature, pressure, and tire ID tire-based data.
Such data is used in consulting the memory 105 for a
maximum likelihood estimate determinations. It will be
appreciated that the estimations of cornering stiffness
relied upon by the system and method are only those
that are estimated for transient state vehicle maneuvers.
Those estimates relating to non-transient state estima-
tions are ignored. The vehicle transient state identifier
"1" and "0" determination controls which estimations are
from transient maneuvers and are, accordingly, accurate
state outputs. The cornering stiffness identified values
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from identifier 194 are then used as inputs into the vehi-
cle’ electronic control unit (ECU) 198 for assisting in ve-
hicle system control.
[0055] Cornering stiffness identifier 194 makes its cor-
nering stiffness determination for a maximum likelihood
estimation by analyzing the state identification made by
the vehicle transient state identifier 192. Additional inputs
of measured tire temperature and pressure and the tire
ID facilitate the determination of cornering stiffness by
the cornering stiffness identifier 194 from electronically
consulting the tire-specific database stored within mem-
ory 195. The UKF observer 196 is preferably in the form
on a discrete-time unscented Kalman filter (UKF) dis-
cussed previously. The intelligent tires 10 thus provide
tire temperature and pressure data to the identifier 194
along with tire ID from which tire construction type in
memory 195 may be identified.
[0056] In addition, each tire has one or more sensors
used in the determination of an estimated tire load. A tire
load estimator 188 receives sensor signals from tire-
based sensors and determines an estimated tire load
that is input into the axle lateral force estimator 190 with
CAN Bus sensor signals ay, r. One suitable system and
method for estimating tire load from tire-based sensors
is disclosed and shown in US-B-8,661,885. As described
therein, a strain sensor is mounted to each tire sidewall.
Signals from the strain sensors are analyzed to estimate
a dynamic tire load. Use of such a system may be used
to yield internal state estimates for m, a, b, Iz for use as
inputs into the axle lateral force estimator 190 and the
observer 196 as seen from FIG. 21. The inertial state
estimates are updated in real time. The axle lateral force
estimator 190 derives force state estimations as de-
scribed previously for axle lateral force Fyf, Fyr which input
into the Observer 196.
[0057] The Observer 196 generates cornering stiff-
ness estimates Cyfest and Cyrest. The Cyfest and Cyrest
estimates are used by the cornering stiffness identifier
194 to determine the maximum likelihood estimate de-
scribed previously. The tire sensor signals provide the
tire pressure, temperature and tire ID data indicated. Ad-
ditionally, CAN Bus signals identified are sourced from
vehicle-based sensors. Together, the tire-based data
from each intelligent tire 10 supporting the vehicle and
vehicle-based CAN Bus sensor data is used to generate
the internal state estimates shown in solid line.
[0058] From the foregoing, it will be understood that
the subject system and method utilizes a model-based
algorithm to estimate the vehicle sideslip angle and tire
cornering stiffness. The algorithm applies the discrete-
time unscented Kalman filter (UKF) for state estimation.
The underlying discrete-time non-linear state-space
model is based on a two-wheel lateral vehicle dynamics
model. The vertical force Fz is measured using a tire-
sensor based load estimate from sensors attached to
intelligent tires. Knowledge of Fz enables estimation of
mass (m), long CoG position (a, b) and Yaw moment of
inertia (Iz), i.e. all the inertial parameters needed for the

two-wheel lateral vehicle dynamics model. Stated alter-
natively, tire-based sensor derived Fz provides the infor-
mation used to determine all of the inertial parameters
need for the two-wheel lateral vehicle dynamics model
that provides the basis for the algorithm for state estima-
tion using the UKF.
[0059] The cornering stiffness estimates are made dur-
ing the transient state of the vehicle and the subject sys-
tem 186 statistically extracts the cornering stiffness es-
timate with the highest confidence measure. The corner-
ing stiffness estimates are input into the vehicle’s control
unit 198 with the sideslip angle β for vehicle control sys-
tems such as steering, suspension and/or braking. The
sideslip angle β is determined from the non-linear state-
space observer 196 using a discrete-time unscented Ka-
lman filter (UKF). It will be noted that the tire-based sen-
sors are used in the tire load estimator and as input into
the cornering stiffness identifier 194. Vehicle-mounted
sensors provided via the CAN Bus measure the lateral
acceleration ay, yaw rate r and steering wheel angle δ.
Such measurements are used in the axle lateral force
estimator 190 and the vehicle transient state identifier
192. The UKF observer 196 receives the axle lateral force
and can be used to update the vehicle and tire model
parameters in real time and consequently be used to es-
timate the tire-road friction coefficient. Application of the
subject system and method is useful in a vehicle’s
ESC/ESP stability control systems that depend on vehi-
cle/tire parameters to obtain the controller targets (e.g.
desired yaw behavior). The results of use of the system
can be used for updating the controller reference model
parameters to improve the controller efficiency. The ref-
erence model is used to generate the controller targets.
Real-time updates of the reference model will ensure that
the controller targets are updated appropriately with
changes in the tire characteristics. For example, changes
in the tire cornering stiffness due to temperature effects,
tread wear effects, tire change, etc. reflected in cornering
stiffness and vehicle sideslip angle estimates by the sys-
tem and method.
[0060] It will be appreciated that the vehicle state es-
timation system and method analyzes transient maneu-
ver states throughout operational maneuvers of the ve-
hicle and provides a system approach from detecting
transient maneuver states from non-transient maneuver
states. The tire-based sensors may be commonly as-
sembled into a single module or mounted separately. The
tire-based sensors (mounted to the tire) generate tire-
based sensor data and the vehicle-based sensors
(mounted to the vehicle and available through the CAN
Bus) generate vehicle-based sensor data. The observer
model 196 is configured to make cornering stiffness es-
timates from the tire-based sensor data and the vehicle-
based sensor data throughout the operational maneu-
vers of the vehicle. The cornering stiffness identifier 194
extracts the transient-state cornering stiffness estimates
made by the observer model as identified by the vehicle
transient state identifier 192 throughout the operational
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maneuvers of the vehicle.
[0061] The cornering stiffness identifier 194 identifies
an optimal transient-state cornering stiffness estimate,
defined herein as that transient-state cornering stiffness
estimate having a substantially highest confidence
measure.
[0062] The tire-based sensor data includes a pressure
measurement of tire inflation pressure and a temperature
measurement of tire temperature and the vehicle-based
sensor data includes vehicle lateral acceleration rate,
yaw rate and steering wheel angle. The tire load estimator
186 estimates a vertical force on the vehicle tires from
the tire-based sensor data. From that vertical force esti-
mate, real time update of vehicle inertial parameters used
by the observer 196 are made. As used herein, an
" inertial parameter generator" is used to refer to the es-
timation approach explained in reference to FIG. 8 by
which vehicle mass, center of gravity and yaw moment
are derived from tire load information (vertical force). The
inertial parameters used in a two-wheel lateral vehicle
dynamics model (See FIG. 8) are thereby updated in real
time as the vehicle progresses throughout operational
maneuvers. The system further utilizes an axle force es-
timator 42 (SMC observer as seen in FIG. 4) generating
force estimates on the axle into the axle cornering stiff-
ness estimator 50 (recursive least squares with forgetting
factor) to estimate from the vehicle inertial parameters
and the vehicle-based sensor data an axle lateral force
(cornering stiffness) estimation 52 for use by the observer
model.

Claims

1. A vehicle state estimation system comprising:

a vehicle supported by at least one tire, the tire
being preferably mounted to an axle, the vehicle
operating in transient maneuver states or non-
transient maneuver states throughout opera-
tional maneuvers of the vehicle;
at least one tire-based sensor mounted to the
at least one tire and operative to generate tire-
based sensor data;
at least one vehicle-based sensor mounted to
the vehicle and operative to generate vehicle-
based sensor data;
and

(i) an observer model operative to make cor-
nering stiffness estimates from the tire-
based sensor data and the vehicle-based
sensor data throughout the operational
maneuvers of the vehicle; and a cornering
stiffness identifier operative to extract and
output transient-state cornering stiffness
estimates from the observer model corner-
ing stiffness estimates throughout the oper-

ational maneuvers of the vehicle; or
(ii) a tire load estimator for operatively esti-
mating a vertical force estimation on the at
least one tire from the tire-based sensor da-
ta; an inertial parameter generator opera-
tive to output a substantially real-time up-
date of vehicle inertial parameters derived
from the vertical force estimation; an axle
force estimator operative to estimate from
the vehicle inertial parameters and the ve-
hicle-based sensor data an axle lateral
force estimation on the axle; an observer
model operative to make cornering stiffness
estimates from the vehicle-based sensor
data, the vehicle inertial parameters, and
the axle lateral force estimation on the axle
throughout the operational maneuvers of
the vehicle; and a cornering stiffness iden-
tifier operative to extract and output tran-
sient-state cornering stiffness estimates
from the observer model cornering stiffness
estimates throughout the operational
maneuvers of the vehicle, wherein the cor-
nering stiffness identifier is further operative
to extract from the transient-state cornering
stiffness estimates an optimal transient-
state cornering stiffness estimate having a
substantially highest confidence measure.

2. The vehicle state estimation system of claim 1,
wherein the cornering stiffness identifier is operative
to extract from the transient-state cornering stiffness
estimates an optimal transient-state cornering stiff-
ness estimate having a substantially highest confi-
dence measure.

3. The vehicle state estimation system of claim 1 or 2,
wherein the tire-based sensor data comprises at
least a pressure measurement of tire inflation pres-
sure and a temperature measurement of tire tem-
perature.

4. The vehicle state estimation system of at least one
of the previous claims comprising a tire load estima-
tor for operatively estimating a vertical force on the
at least one tire from the tire-based sensor data.

5. The vehicle state estimation system of at least one
of the previous claims comprising an inertial param-
eter generator operative to output to the observer
model a substantially real-time update of vehicle in-
ertial parameters derived from the vertical force es-
timation.

6. The vehicle state estimation system of at least one
of the previous claims, wherein the at least one tire
is mounted to an axle, and the vehicle state estima-
tion system comprises an axle force estimator oper-
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ative to estimate from the vehicle inertial parameters
and the vehicle-based sensor data an axle lateral
force estimation on the axle and output the axle lat-
eral force estimation to the observer model.

7. The vehicle state estimation system of at least one
of the previous claims, wherein the observer model
comprises a discrete-time unscented Kalman filter.

8. The vehicle state estimation system of at least one
of the previous claims comprising a sideslip angle
estimator operative to generate a sideslip angle es-
timation.

9. The vehicle state estimation system of at least one
of the previous claims comprising a vehicle control
unit receiving as an input the optimal transient-state
cornering stiffness estimate from the cornering stiff-
ness identifier.

10. The vehicle state estimation system of claim 9,
wherein the vehicle control unit is configured to re-
ceive as a further input a sideslip angle estimation
made by the sideslip angle estimator.

11. A vehicle state estimation method comprising:

supporting a vehicle by at least one tire, the ve-
hicle operating in transient maneuver states or
non-transient maneuver states throughout op-
erational maneuvers of the vehicle;
mounting at least one tire-based sensor to the
at least one tire operative to generate tire-based
sensor data;
mounting at least one vehicle-based sensor to
the vehicle operative to generate vehicle-based
sensor data;
generating cornering stiffness estimates from an
observer model based upon the tire-based sen-
sor data and the vehicle-based sensor data
throughout the operational maneuvers of the ve-
hicle; and
extracting a plurality of extracted output tran-
sient-state cornering stiffness estimates from
the observer model through a cornering stiffness
identifier throughout the operational maneuvers
of the vehicle.

12. The vehicle state estimation method of claim 11 fur-
ther comprising extracting from the extracted tran-
sient-state cornering stiffness estimates an optimal
transient-state cornering stiffness estimate having a
substantially highest confidence measure.

13. The vehicle state estimation method of claim 11 or
12, further comprising:

estimating a vertical force on the at least one

tire from the tire-based sensor data;
generating a plurality of vehicle inertial param-
eters from the vertical force estimation;
updating the vehicle inertial parameters in sub-
stantially real- time throughout the vehicle oper-
ational maneuvers;
inputting the updated vehicle inertial parameters
to the observer model.

14. The vehicle state estimation method of claim 11, 12
or 13, further comprising using the optimal transient-
state cornering stiffness estimate in a vehicle control
unit.

15. The vehicle state estimation method of at least one
of the claims 11 to 14, further comprising:

generating a sideslip angle estimation with a
sideslip angle estimator model;
using the sideslip angle estimation by the vehicle
control unit.
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